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Abstract 
It has been suggested that cavitation microstreaming plays a role in the therapeutic action of microbubbles driven by ultrasound,
such as the sonothrombolytic and sonoporative phenomena. Microscopic particle-image velocimetry experiments are presented, 
showing that many different microstreaming patterns are possible around a microbubble when it is on a surface. Each pattern is 
associated with a particular oscillation mode of the bubble and generates a different shear stress distribution. It was found that it 
is possible to change the flow pattern by changing the sound frequency. Microstreaming flows around bubbles could be 
responsible for mixing therapeutic agents into the surrounding blood, as well as assisting sonoporative delivery of molecules 
across cell membranes. Appropriate tuning of the driving frequency may benefit therapies. 
PACS: 43.25.Nm; 43.35.Ei; 43.35.Wa; 43.80.Gx; 43.80.Sh; 47.35.Rs; 47.51.+a; 47.55.dd; 47.55.dp; 47.55.dr; 47.61.Ne; 47.63.mh. 
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1. Introduction 
There have been numerous suggestions of microbubble-mediated ultrasound therapy in medicine. Many reports, 
both clinical and in-vitro, have been made of the microbubble-enhanced sonothrombolytic effect [1-4]. Drug or 
oxygen delivery [5-6], and sonoporation [7] have also been explored. Speculations on the mechanisms behind such 
findings have included the well-known cavitation phenomenon, which can damage tissue. The more subtle, and 
potentially more gentle cavitation microstreaming phenomenon has also been suggested [4]. 
Laboratory studies of microstreaming date to the 1950s [8-9]. Elder [9] studied microstreaming around a bubble 
on a wall at various oscillation amplitudes and fluid viscosities, providing sketches of the streaming behaviour. 
Recently, it has been shown [10] that microstreaming forces could lyse an artificial vesicle.  
Like macroscopic acoustic streaming, microstreaming is a second-order nonlinear effect in which velocity 
gradients in the first-order oscillatory sound field allow rectification of the oscillation, generating a mean flow. 
Microstreaming relies on the large gradient due to small length scales. Many theoretical studies of microstreaming 
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have been made [11-13]. Most are analyses of bubbles in an unbounded domain; in cases where a boundary has been
considered, calculation of the magnitude but not the pattern of microstreaming velocity has been possible [13].
Walls are of particular importance when the bubbles are supposed to be treating biological surfaces.
Sonothromobolysis is in clinical practice performed with an injected drug, such as Tissue Plasminogen Activase
(tPA) [4], the molecules of which must reach the target surface; and sonoporation also requires the desired 
molecules to be available at the tissue surface. Both applications would therefore benefit from effective mixing of
therapeutic molecules at microscale, particularly if high-concentration systemic dosages should be avoided. Over the
micron scales typical of individual cells, fluid flows are laminar. This makes mixing fundamentally problematic,
owing to the need to artificially stir the fluid on a microscopic scale [14-15]. Liu et al. [16] showed that acoustic 
microstreaming could be used for micromixing in a specially-designed device. However, effective mixing in the
absence of turbulence requires an alternation of the flow patterns; Tho el al. [17] showed that acoustic
microstreaming could produce a variety of flow patterns around the same bubble, by varying the frequency.
In the present paper, results already published elsewhere [17] are combined with new data and interpreted in the
context of possible sonothrombolytic and sonoporative mechanisms.
2. Experimental methods 
2.1. Microscope and Micro-PIV system
The microscopic Particle Image Velocimetry (PIV) system (Fig. 1.) consists of an inverted epi-fluorescent
microscope (Nikon TE2000-E), a 532 nm light source, and a CCD camera imaging system (PCO Sensicam QE). It
was described in detail in [18] and the micro-PIV technique has also been well documented [17-18].
In the present experiments, a continuous 100 W super high-pressure mercury-arc lamp was used as a light source
which was filtered to provide light at 532 nm (equal to the Nd:YAG wavelength). This light then passed through a 
fluorescent filter cube into the chamber containing the bubble or bubbles. Seeding particles (Duke Scientific) were 
polystyrene spheres coated with a red fluorescent dye. A filtering-cube passed only the light re-emitted by the
particles to the camera, while removing direct reflections. Particles of diameter 2 µm were used in experiments of 
the present paper (note the bubbles were two orders of magnitude larger).
Fig.1 Set-up of the micro PIV system. Light at 532 nm is used to illuminate 2 µm diameter fluorescent particles in the microdevice through an 
epi-fluorescent inverted microscope. A cooled 1376x1040 pixel, 12-bit interline-transfer CCD camera is used to record the particle images.
2.2. Microbubble and chamber arrangement
The present experiment measured the streaming generated by a sub-millimetre bubble attached to a horizontal
wall. The system consisted of a polycarbonate square cross sectional chamber (30 mm × 30 mm) with a depth of
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0.66 mm. Vertical locations within the chamber were determined by focusing on the bottom and upper walls of the
chamber and measuring the relative change in microscope stage height via a z-axis reading with an uncertainty in
the order of 2 µm. A piezoelectric disk the (12 mm diameter PZT, lead zirconate titanate, (APC International) was
attached centrally on the outer side of the upper wall. The disk was driven by a signal function generator (Wavetek
model 145). The chamber was filled with water.
3. A variety of acoustic microstreaming patterns 
A number of factors make the present results possibly illustrative, but certainly not definitive, of the phenomena
that may be present in real clinical applications. Firstly, owing to the need to measure flow fields with adequate
resolution, the present results are for bubbles two orders of magnitude larger than the contrast-agent sized bubbles
most likely to be employed in sonothrombolysis, which for intravenous treatment are constrained by the diameter of 
the pulmonary capillaries to be a few microns in size. The frequencies applied are correspondingly lower. While
linear bubble acoustic phenomena scale well across many orders of magnitude, caution should be exercised in 
assuming nonlinear phenomena such as microstreaming are similar on scales two orders of magnitude smaller. On 
the other hand, it is possible that practical sonoporative treatments could occur in extracorporeal systems.
Secondly, the present experiments were conducted in a microchamber, and thus in a system with multiple
boundaries close to the bubbles, changing both the bubble frequency [19] and damping [20]. Depending on the
nature of the tissue targeted for treatment in a clinical application, only a system with one boundary, or a tubular
boundary, may be relevant.
Thirdly, in the present experiments, the boundary layer in which the microstreaming flows are created is only of 
the order of 10 µm [17]. This cannot be resolved, so the flows actually measured, extending over several hundred
microns, are likely to be secondary vortices driven by the primary microstreaming vortices in the boundary layer
[21]. Measured shear stress values quoted below are likely to be orders of magnitude lower than those in the
boundary layer; but the ordering of the relative strengths of the patterns should be the same.
3.1. Linear translation
In this mode, the bubble centre oscillates  horizontally, i.e. it translates parallel to the wall to which it is affixed.
The frequency at which it is excited (2.4 kHz) is well below the resonant frequency the bubble would have if there
were no boundaries (about 14 kHz).
a) b)
Fig.2  Quadrupole microstreaming pattern created by linear translation of a 232 µm radius bubble forced at 2.422 kHz at 30 V p-p, a)
Streak image, b) PIV velocity field.
The cause of the bubble’s horizontal translation has not been elucidated, but may be due to secondary Bjerknes
forces between the bubble and its images on the surrounding vertical walls. The result is a ‘quadrupole’ pattern (Fig.
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2), with four vortices. The PIV data indicate that the maximum shear stress generated in the image plane was
approximately 1.2×10-3 Pa. Although there is no analytic prediction yet of this microstreaming flow, quadrupole
streaming patterns are commonly observed in a variety of viscous fluid systems in which an object is oscillated in a 
line [22]. The quadrupole microstreaming pattern due to oscillatory linear translation is in fact a special case of a 
more general flow, created when the bubble centre moves in an elliptical path parallel to the plane of the wall to
which it is attached. Here, the ellipse is simply one with a minor axis of effectively zero length. A number of
microstreaming flows due to elliptical bubble motion were documented by Tho et al. [17]. Different frequencies
switch from one pattern to another.
3.2. Circular orbit
A further special case of the microstreaming flows due to elliptical bubble motion occurs when the major and
minor axes of the ellipse are equal, making a circular path. In this case, the microstreaming pattern is a single vortex
centred on the bubble (Fig. 3), creating a maximum shear stress of approximately 0.5×10-3Pa.
a) b)
Fig.3  Circular vortex microstreaming pattern created by circular translation of a 224 µm radius bubble forced at 1.188 kHz at 30 V p-p,
a) Streak image, b) PIV velocity field.
a) b)
Fig.4  Dipole microstreaming pattern created by radial oscillation of a 267 µm radius bubble forced at 8.658 kHz at 30 V p-p, a) Streak
image, b) PIV velocity field.
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3.3. Bubble radial oscillations
The microstreaming pattern created when bubbles are forced to undergo their natural (volumetric) mode of
oscillation should be of particular interest, since this is the pattern likely to be present whenever contrast agent
microbubbles are driven by clinical ultrasound. It takes the form of a ‘dipole’ pattern (Fig. 4), creating a maximum
shear stress of approximately 1.0×10-3Pa. A dipole-like microstreaming pattern was predicted theoretically for a 
bubble in an unbounded system [12].
3.4. Multiple bubbles and bubble shape modes
When several bubbles of approximately the same size are present, the quadrupole, circular vortex, elliptical
vortex and dipole patterns are generated around each bubble as would be found around a single bubble at the applied
frequency. The result is a complex pattern created by the combination of the patterns for the individual bubbles [17].
There are also distinctive microstreaming flow patterns observed when bubbles are excited to force the shape
oscillation modes. The exact mechanism by which this occurs in the complex environment near a boundary is not
clear, but Tho et al [17] speculated that it may be due to the parametric instability proposed by Longuet-Higgins
[23].
4. Micromixing
A microchamber was designed to exploit cavitation microstreaming flows in a central, open mixing well, with
four bubbles trapped in side-arms surrounding it. Further details are in [24]. Flows were driven by a piezoelectric
disk at 4.5 kHz and the pattern created was a toroidal vortex with its axis parallel with the axis of the central
chamber.  A drop of dyed fluid of 0.5+/-0.2 µL volume was placed on top of a 2.5+/-0.1 µL drop using a hand-held
micro-pipette (Eppendorf Research, 10 µL capacity). In the example presented here, the same drop of dyed liquid
was left in the mixing chamber for 43 s to record the natural diffusive mixing, and then sound was applied to record
the microstreaming-induced mixing.  The results (Fig. 5) indicate a dramatic increase in mixing rate over that 
possible due to molecular diffusion. Mixing times, calculated by image processing, were reduced by at least one
order of magnitude and more typically two orders of magnitude, consistent with earlier findings [16].
Fig.5  The micromixing effect of acoustic microstreaming. Top row, introduced sample drop under the influence of natural diffusion and density
convection (sinking) only in the first 10 s following drop introduction, times t = 0.00,1.87,3.73,5.60,7.47 and 9.33 s; Bottom row, the first 10 s 
following the start of acoustic excitation, times t = 42.67, 44.53, 46.40, 48.27, 50.13 and 52.00 s.
5. Discussion and Conclusions
A rich variety of acoustic microstreaming patterns is possible around an acoustically-forced bubble, and it is 
possible to change the pattern generated by changing the applied frequency. The largest shear stress was created by
a quadrupole microstreaming pattern, followed by the dipole, and then the vortex. While, as already noted, these
results with bubbles two orders of magnitude larger than contrast agents may not be extensible to the bubbles used
in clinical practice, there are some interesting conclusions. Firstly, shear stress is the physical variable thought to be
directly related to sonoporation [7], and the pattern created at the bubble’s volumetric resonance frequency (the
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dipole) may not necessarily provide the largest shear stress. Moreover, the spatial distribution of the shear stress 
would clearly be different under different microstreaming regimes. It appears self-evident that shear stress would 
also be the physical variable relevant to the effect of microstreaming on sonothrombolysis.  
Secondly, there is a considerable micromixing benefit conferred by cavitation microstreaming, which may be 
relevant to the delivery of sonothrombolytic agents and to the transport of molecules across cell membranes by 
sonoporation. These findings suggest that appropriate tuning of the applied frequency may benefit therapeutic 
applications. 
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